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simulation program to examine the effects of electronic
countermeasures (ZCM) blinking and glint upon the missile's
ccntrol swstem and accuracy agsainst a simulated medium sized
comfatant vessel traveling at 20 knots crerpendicular to the
missile's track over the earth. In addition to the standard
attack profile involving a zopout attack, several cther attack
vrofiles we2re tested -ncluiing sxid-te-tarn (STTY cintrol
laws and =z ball-stic +rajeccory. Miss Zilstancs zri=l ISrom
3.7 feet without ICM or gl-ont to 35 feez with ECH Ousrating.
Susceptibility of the m:iss:le to ZIM blinxing varied witnh the
bllnxlﬂg ireguency. The largest miss distances occurred with

CM frequencies below 0.2 Hz and near 6.0 Hz. Analysis of the

uata showed that errors at the low freguencies were primarily
caused by the bank command loop of the autopilot. Those at the

higher frequency were due
Variation of the geometry
had no significant impact

to the roll rate command loop.
of the missile's flight profile

upon missile accuracy except that,

without a popup maneuver, the roll rate channel demonstrated

a marked decrease in effectiveness. Variation of the autopilot
gain in the roll rate control loop changed the frecuency at
which Jegradation occurred but actually increased :t
Skid to “urn control laws were tested however the miss:
was unabls to produce the necessary sideforce needed to track

a passive target and produced undesireable coupling 1in the
flight controls. An attempt to use the altitude command channel

to fly a ballistic profile was unsuccessful due to instabilities

created in the control system. It is recommended that a popup
maneuver be included in the terminal guidance of a BTT cruise
missile and that further tests be conducted to determine the

extent to which autopilot midifications and gain adjustments

can decrease the effectiveness of an ECM blinker against a

TT missile.
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ABSTEACT

T.e furrese oI this thesis was t0  exdanine Tuidanca2  and

[

contoel deflciencies in 1 2ark to turn (37TT) cTuise mis

n

I

iteéd roll authcrity 1in tne terminal homirng pras

J
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m
its wmissiorn. A six deqree of freedom simulation cZ

[s¥)

tvypical 2TT missile was translated inrto FCETRAY H frop *he
Contipunus 3System Mcdelling Program  (CSH>) sigzulaticrn
lanjuage anil run on tke TI3¥ System 37) computer. Tes*ts were
conlucted with the revisel simulation proyram to exanine the
€ffects ¢ electronic countermeasures (ECM)y blirnkxirg and

2irt arcr the aissile's contrel systen and accuracy ajainst

]
(-

ipulatel medium sized conkbatant vessel traveling a2t 29

g:
a
knots perreadicular tc¢ tne missile's track over the earth.
Ir  additior to the standaril attack profile irveclving a
Epnpout attack, several other attack profilies were tested

ircluding skil-to-tnurn (3TT) control laws ard a4 ltallistic
trajectcry. Miss distances varied froam 3.7 feet withcat ZC™
or giint to AR5 feet with ECM operating. Susceptiltilitv of

the wrissile to ECM blinking wvaried with the tblirnkinz

frejuenc. T-.e larjest mniss distarnces occurred with IC*
u

-

€encles lelow 2.2 57 ané¢ near F.) Hz. Lralvsis of the
Cata showel that errors at the low frequencies were priza-
rily caused ty the bank commarnd loop >f the autorpilot. 7Thcse

at tre higher fregjiency were due to tae roll rate ccnmand

looz. Variation of tkhe geometry of the missile's £1ight
profile tral no significant impact  upon missile accuracy
e¥cegt that, without a popur maneuver, the roll rate charrel
® demonstratel 3 marked decrease 1irn effectiveness. Variation

. the atvccralot gain in *he roll rate corntool locr changed

the ifre-ntency at which ‘leqraldation occurrel but  actially
increased 1ts effects. 3Skid tc tucn control laws were teste?
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rowever t.Le aisslle was 1nifle to proliuco the necessary
eileficrce tne=ded to track a passive target wnd srelaced
urlecireatle coupling in the £lignt controls. An atteanct to
use the altitule comrand channel to £lv a ballistic :crcfils
was unsiccessfil due to instarilities createl in the cortrol

svstem, It is recommended that a popip Baneuver re 1acliudel

in the +terminal guidance of a4 BTT cruise missile arnd tiat

2 farther tests be conducted to deterzsirne the extent to which
f altopilct modificaticrs and gain adijustaments can decr=2ase
4 = : - . - . .

S the effectiveness of an ICYM blinker ajainst a 37T missile.
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I. INTRCLUCTION

A. BACKCROUND

fank-To-Tarn (277 control is utilized evte

n
missiles which must cruise £or lory ranges within tle atnos-

pihere. These missiles utilize a primary 1ifting sarface
(wing) anil smaller ccrtrolliny surfaces as on a converntional
airplare. This wmethod Las two prirarv advartages. First, the
winy prevides 1ift to support the missile's weight at a
relatively high efficiency therebty permitting lenger ranjes
for a gjiven size engine and fuel 1load. Secord, the lift
vector can te positicned by banking the missile to gprcviie

large lateral accelerations resulting in excellent tur:
recrformance. Certain BTT cruise missile confignuratious,
Lowever, use differential tail for roll control as orrosed
to ailerons and suffer from pcor roll rate and acceleration
rerformance. It is the investigation into the control lirmi-
tations c¢f a ETT cruise aissile configured this way in the

terainal homing phase which is the subject of this thasis.

BE. STATEMENT OF THE FROELEM

In order to provide compract storaje of 2 IT missile,
the main wings are usually folided tacx arnd desigred to snap
irto fpecsitior as the miscsile emer jes from its carnnister at
launch. Because of this <feature, it is gJernerally ot

feasilble to install 1cll con*rol Jlevices at the extremities

of trhe winge. Roll ccrtrol is normally proviled by 3iiffecen-

tial actunation of the tail fin of the missiie. Pecause cf

their shert moment arm and small area and Lecdause t

wing hac a relatively large Jdegree of rell daapiny, 77
1

missiles are limited in thelr abilityv te roll rapi
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Tecivse of the necel to Pany tue alsslle In orler b2
a’izin 1ts 1lif+ wectcor in tre Zdesiced lirection 1t hag Ten
suijses*ted that trhe reculrement Sor rapild roll zaneuverir: Iin
the terairal phase of fliicht would limit *the accuracy ci tne
riszile. In 2'ditiorn, natnrazl Zflictilations In *he [rsit:iorn
oI tlLe zadar tarce*, rnownh a3 1lint, anl zrotificial flngt oiz-

n

tions lue *o the [reserce <cf electronic <CounterreasuIss
e

(FC¥) zignt further Jdegrade tn veriormance of a ET

rissile.

C. MISSICN SCENARIO

1. Con*rol Corfiguration

“he missile simulated in this thesis i1s a hyrothet-
ical rank to turn cruise missile witi  limitsd roll centrol
astherity. I:s deslcen incorporates characteristics tvroical
of many =similar designs. TLe npissile is ecuipped with a

stardard rudder for yaw control and stalbilators fcr bcth

roli and pi*tch cecntrcl, Inner loop closures for stakbilica-
tion and commard are included irn the sianulation. Coozan?
loop closures <crnsist of normal acceleration, tarnk angle,

and lateral acceleration. TiLe 1lateral acceleraticr comzanl

svsten car e us=31 as a *turn coordinitor irn *he rank-tc-turn

oc e (normal) mci2 O as a la*we=ral Zoal factor (VY

svster in a skid-*tc-turn nolde. Onter 120F clo

rrovidel for altitude and £light path arjle. The a:
£

u
contrcl locy 2esigr is presented in d=tail in [Ref. 1

The target is assuamed to te 3 suriace ccmba*ant shir

located Imitially 24,000 feet Jdue Nerta from *he missile an?d
t

ROVing Tast 1t a coastant speesd 0f 20 4pots. Tt is assnTe?
thet the missile se—-2ker tracks  an ain .oint r-ztfectlr, "ie
ala fnint is located rominally 10 fcet abdve the stig's

14
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waterline and aniishizs. This ain paint corntinually shilts
- as 1 furnc*tieon of ZCY rlinxing and a ranlez glint sinoula*tion.

TerLvyw

“he ZCM blinker simuilation saifts ti radar targe*

seen Cv the missile's seeker forward ani a& frco the true

3
. AW

target aim point kv *75 fee*t alrng the ships lonjitudinal

" axis at a srecified frecuency. The aim poirt is simualtare-
; cusly snifted vertically +10 feet at the same frecuercy.
4. 2ttack Profiles j

T“he attack profile used as a baseline for this siau-
laticn began a2+ 50 feet of altitude at a speed of Hdach 7.75.

Trte micssile tracked toward the tarjet 1sing frorortiornal

navicaticn in azimuth and altitude hold at 59 feet. At a i
ranye oI 183C0) feet the missile rolled to €0 legrees of bant i
ard turred avay from the target to the right until the )
target lire of sight was offset by 10 degrees. Yhen *he )

ocffset was reached, the missile climbeld to an altitude of

approximately 250 fee*t and then cove toward the tarcget using

proportioral navigaticn in both azimuth and elevation. This

missicn rrofile is ofter referred to as a porout attack.

( Variations of this mission included eliminatinc¢ the
1) degree offset turn and/or the <climb to altitude arni

substituting skid-to-turn corn*rol laws for some rnase cf the 1

T -

mission. A tallistic altitude rrofile was also atternptel.

r 3
. FAN

L. EXISTING WORK

In orler to examine the existence of such gprotlems ani

L.

t2 test cseveral proposed solations, a six dejree of frcedom

siaulaticn of a typical ETT criise nissile was producel b

ICDR Fent Watterson and published in [Ref. 1]. This simla-

e teaa a4

{ tion wa< prodiced using tke IBM Continuons Systern Modellina

15
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Trojrag (C€"2 II7) sizulation larsi1age.  r d:talled lcscrip-
tion of n
TRef. 21 anZ [R

altorilot, cuiia:

ttis languige and  1ts cornstonctions 1s rrecentel in

tios +vpical oI missiles pnIlcnrel  in tils way. In ¢

Ier

LB}

to overccme limitat*icns laposed uapon the siaulation pregr

i1

oV
=3

tv the availatle computer irstallatiorn, this CSMF prcegjr

w1S rewritten in extendedl FORTRAN H. This allowed greate

I

flexirilitv and £full wutilization of the DIFSPLA grark

3

5
*l
(@]
moW

froqgram=ting packaje available at ¥2S. A corrzlete copy oI t:

rrojram listing 1s presented in Appenlix D.

The tests conducted with the revised simulation ctrogran
were limited to exarining the effects of EC* lLlinking and
glint upcn the missile's control system and accuiracy against
a simuiated medium sized comlatant vessel travelirg a* 29
knots perpendicular tc the missile's track over tlLe earth.
Alterna*e attack profiles  using modified flight gecretry
and, ir some cases, skid-to-turn c¢onntrol laws were also
tested. A listing of the differernt flijht profiles exarminel
is preserted in table I.

for all £light tests of tr=2 missile, <Ccertairn pacameters
were held constant. A list of these values is presented ir
table IT.

16
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TABLE T

Missile Attack Profile Test Configura*ions

}
S ?_U?FSET_T"?C§:UT-T-?FEII*_T_-TT'"-"|
. RN I | |
. ::::::::::::::::::::T:::::::::::::::::T:::’:::::l
ASTLINT X X | 0.5 l 377 %
1T v | 0.5 | BTT |
! | {
TIT } % 0.5 { 37T
IV ¥ { 0.1 { BT {
v X % n.5 % STT =
T e | 0.5 | * |
| } {

* 00 degree lank on ballistic terainal trajectcrv

. §

TABLE II |
Simulation Variables Held Constant

s P

Variable Name Value
kb Ak ek ko k ke ke kk bk ks k ok bk
Radar “urn—‘hroagh fange 529 £t 3
EC¥ Rlinker Shif "
Longitudinal + 75 £t J
Lateral + 05 ft >
Yertical + 17 =t
Basellne uidance schene: v
0ff 10 Adea .
Dowup Altitude 100 £t a
Popup Fange 13000 £t 1
' Roll rate limit 7¢ dos
X Y S R 2 I R R i SR L

a,-—rﬂ—v-v—v—'—,-vﬁ T
-
~J

A, SRS | Ny ar. 5N

-y Y
a
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II. PROGRAM DESCRIPTION

14

izulation uses *he linear, I1x legrece

8

+1
i

(77}
tn

€_4
eyuaticrs of flight developed by FRoskar in [R

P

and modified by Hewett in [Ref. 8#]. The CSM2 prog

E———

r
ored ty Fatterson [Ref. 1] used a variable step Turncg=2-%¥uthti
T

WS irtegra*ion nethod. The FORTEAN translation program uses 2
A
INTESEAL(YDOT DT) = Y + (YDCTI)#DT (eqn 2.1}

simple Zulerian integration which is given Lv eguaticn 2.1,
The incremental time e€lement, 07, is fixed at 0.97 seconisz

and the Integration rperiod lasts for less than 20 seconis.

B. PROGHAN NOMENCLATURE

A detailed description of the nomenclature 1seid
throughout the simulatior program is presented in Arpendix

C. The variable names usel in the FORTRAN translation are,

; ) with Zew exceptions, the same as those used in the *he CS¥C
i simulaticn.
g
. C. AXIS SYSTEM
r’ The simulation uses a right handel earth reference frame
where the x-axis points Yorthk, the v-axis poirnts Tast ani
! the 2z-axis points dcwn. However, iltitude anl vertical
3 velocitvy are always 3jiven as positive upwarils (i.e.
L v - - . . . .
ALTITOLZ = -2Z)Y. For plottin; the geogravhicil track inp *he
citput  reutines, the axes are t*ransformel so that  *he
Z,7,anéd T axes point fast, North ard upwarld, respec*ively.
)
p
o
!
- 19
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L. FROGKRAM ARCHITECICFE

F =

The TCFTRAN simulation yprejrar cornsisits dfoan exscative

program winich calls seven jpajor sifrcatines  WwLich  are

trieZly 3descrited as follows.
1. ZFxecutive Procran

The rain calliing program is short anl haniles ornlr

taree tasxs. It increments the TIME variable £or each int

]

gration cvcle. Tt calis the output d1ata storaige ront*irne,

FREDAE

T

, at the speciiied output interval and i* contrcls th
executior of wmultiple £lights within a singyle prograr rin

cfangingy one or more key variatles betweer the rurns.

2. Sulroutine INIT

I*

This subroutine conrtains a small section of execu-
table <statements which resets variables to their iritial
value when more than ore flight 1is £lown during a prcgram
ran. Included with this subroutine is the ELOCK DATA sa*rou-
tine whichk rmust Le used to initialize all variables ir rname?l
common areas. The majority of the BLOCK DAT) sukrroqgran is
taken up with arrays listed in table Zorm whichk corntain the
aerodynaric coefficiert data for the missile. Static cocef-
ficients which are functions c¢f one varialtle are <shown in
figures A.2 through 1.9 Static coefficients W#hick are func-
tions of twn Dparameters are presente? in figures .19
ttrough A.12 Dynamic coefficients are assumed to te constant

arnd are not presented graphically.

This sabroutire dictates the mission profile. It is

divided 1irnto sectiors which activate 1irn sequence as the

missicn froqjresses. Fach section takes the flight drnamics

¢ata for ttre missile, compares it witl the tarjet
19
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acIlisition data (cererated in  subroatine TITNAT) an?
ourtjuts vertical and Lerizontal acceleritiorn coonanis in the
genirarhic carc+th reference frane. Trhese 1in turn are trans-
Tited int

comaanded Panx ancle ané rnormeli 10231 f3ctor for
2 a

c
tie rissile according to ejzuations 2.2 ardl .

PHIC = AERCTAN(AYC/ZZQO) (egn 2.0)
NTC = AZC cos (PHI) + AYC sin (?ET) (ecn 2.GC

of these vectors is given in iigure A.1. Differert terminal
a ck prcfiles are 1irplenented asingy variations o this
subroutine, YISSNT ard MISSN2Z, which are presentel 1in

Apperndices T and F.

4, Subroutine azILCT

“his subroutine takes the <coammarnde? =2orral lcad
facter anl! bank anglie and aprlies them to the missile
antopilot syster. A Jdetailed discription of the desizcn cf
the missile's autopilct is presented in reference [Ref. 1].
The output of the ccntrol system 1is deliverel in terms of

cnhnvertioral airplane elevator, =zileron and rudler centrol

[os1*inas, “nese are ai1zed to cltailn the cczaanied nissile
Zin pesitions. The control limits »f x15 2ejrees are arplied
to the fins and these controls are thern unmixel to oftairn
tte limited conventicral contrcl positions. The dyramics of
the servc actuators that move tie tail surfaces are podelled
as a first order real role. Although CSM?-III rproviies

macros trat perform the simulation of marv tvres of trarsfer
functions within the control system only the first orider
reai: fole transfer function was recessary for this rrojrar.

It is molellel in tie FOFTEAN translation 15in7 suroontine

e}

ZALET, fregfentel in the proqraz i:stinj in Appeniix 7.
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retrieve  tre aerodvramic coeiZiicient*s from the lata

rresented in fiqures A.Zz through A.12% linear intercvclations

are used to obtain values Dbetweer gsiven paraseters. Trror
€ 1

Bessacges are printed when the input naran €
the tcunds of the data in the 120k1p table anl thesz are
suprressed after about S successive integration cycles. AEIRN
conpletes the buildupr process, uses these Iata to ccrpute
the IZIcrces anl oasoments on the aircraft and then integrates
the equations of motion to update all oI tie aircraft's

fiight rarameters and position inforamation.

The TGTNAV sutroutirne ravijates the target vessel on
a course of Tast at a steady speel of 20 krots. It shifts
the position of the radar target relative to its real posi-
tiorn accerding to the =CY and GLIVYT paraceters. The GLINT

offset is produced ty multiplying the GLINT shift in eacrh

4

T of

axis Lty a random rnumber between -1 and 1. Tre 3LI®

0 tizes

O

is calculated every cutput interval vrather than 1
rer secornd, The FCM cffset is switched accordinjy to the sijn
of a3 sine wave which runs at the EZC% blinking freqguency,
FZ2. These offsets are then added to the actual targe*
positica tc produce the radar target position. Lire of sijh*
argles ard rates are calculated from this information with
the assumption that the seeker has perfect pointina

capatilitvy,

At intervals specified by the output counter, thkis
subroutine is called and stores ur to 27 variatbles in a

liarje array call 27S. The output interval usel for all test.

Ui

1]
y
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WeS Jes ) Zec. The PTZ aIrTav Ll Tassed to o the satrt IDatiled
wien *he sinmilatiorn Dun 15 conrleted, Tils sairociutine 1150
converts outout varlelles froo rairan o dejres format =2rnl,
ir +the Final attack rhave, calcuzates IZo1r error IuncTtions.
Trese e€rrer Sanctiong are  tire avwerajel dilforencos Letweer
comuani- i variabioz (2o 7 XX or ECLI FATI) IS N
actial ccun*terparts. Thase are liter used *o anailvEc LS
performance of the ccrtrol systea under various condiitlicrs.
€. <Subroutine 031277
:
F‘! CUTPUT produces 3 foras of outpat inf-rranation. Thoe

prirary 3ata ountput lists the valae of MISDST (the distarce

at whicl the missile passeld the target at it

s
apprcacr), *he value of the error Zuncrtions a* the

€
; tte missicn, ard the rangjes of a1l tihe variaties steorel.
W

E. Tnese Jdata are also printed to arother Zile Zollowed bv the

full contents of the ETS array in tabular forn. This gJives a
- aumerical history of all the output variables Zrom the star*
nz to the finish of the mission. (Normally, to sive disk space,

g

this file was routed to a dummy variable. It was reeded only

whern Jdetailed data histories <¢f 1 portion of the misslon

were required.)

recessary DISSPLA routines *»

OMS

CUT2"T a.so calls the
e ¢

Sttt

s . - . - . .

:‘ print graphs oI th 9ton*t variables. The irnleperndernt varli-
arle in six jraph-s is TIME. In the seventh yraph the rosi-

| tiorns of +the missile arnd the ‘target sSkip are rlottel 1in

] three limersiornal space <for each outpit interval. Fach aof

®

I~ t'e graphls in this suktroutine are controlle? by the setting
of 7 flags in the first column of the data statement at the

A Leginnirg of tre routine (0 to pass over and 1 to plct).,

| ®

!

)

!

;

;

‘}.

} 22
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ITI. BASELINE ATTACE COMFIGORATICH

A. AUICFILCT ROLL EKATZ COMMAND LOOP ADJUSTHMENT

Znitial testing cf the similation was conduacted
Cs¥p version of the prograr. The freguency of the
Flinker was varied from 0.2 FEz to a naximun of 2.0
tre roll performance of the 1missile was graphked. 3
A.17 =shcws the comparnded roll rate anl astial roll
clotted against time for the duration oif a thirtv s

f1ig5ht straight toward the target at a constant altituy

=CCn .2

LIS

9
s

¥
[
]

-

n

o}

50 feet. The target's radar position was blinked at a rate

of 0.8 Hz and rcll rate conmmané was liaited to 7% decrces

per sec. In the figure, the command oscillatiors 1irncrezze?

in magnitude as the target range decreased and, a‘tt

seconds, the autcpilct commanded the maxinum rate with every

o -

= -

3
24

shift c¢f the target's apparent pesition. w#hile the ccamarde?

roll rate remained at 75 degrees zer second, the actual

rate never exceeded 25 <Jdegrees per secornd. Fi

o
[V
=

re
which plots the fin pcsitions as a fanction of tinme,
tl.at *he Zin servos rever used more tnan 3 dejrees (o
maxinoum 15) of travel in either dircection. 72 rerclv
frotlem, the missile autopilot roll rate coamand loaop
(*RCLET in the program) was increased fron 0.1 to J.°%.

valuae of this gain had been set tv watterson [Ref, 1]

1oot locus tased upcn the perturbition ejuations of n
[Ref. 47 in stealdy state level [light. Fis;ires A.Z2

-
*

oLne e

4.22 show the results of a sutsequent ruan wit

guilance loop.

cantly reduced and the full range of available ({1

cortrecls (+15 deyj.) was used. This 1iffererce ir the
pilot was incorporated into the baseline rrojran

remaired througlout all subsedgiuent tests.

Steady state error in roll rate was sijni

-
-

TLe

)
-
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In coier to rvroviis 4 lageline Teriocman e el
ajiinst wihich to exavirne *he wfZects ol TIM anl lint oarigor

a

alterrate at%ack roofiles on -he o ozunacsy of v ploislle an

“.e rericricne ¢ Lt oontrol 3voter, 4 €taiilart, vor-oat
artack with an cifset fturn was selecced  ant flown oani 1o
usel as a standard for conparisorn. Taec paraneters  wLicH

i
=
.
3
(Y]
V3
H
L
471
e
1
bl

rply to this taselire are listed in tatle

re a ccmplete recordl o2 the &

fo
i}
17

t—
ba
&
i
49
1
ts
L]
o
1

)y
M
[ad
.

a
run without anvy =CY or glint offsets applield to the *+ar
2%t t

3

a
sa
i
i)
|

hrougn A.35 are a conplete recor? of

line frogyrar run with *the EZCY Llinver cpreratiny at 2.2 27

ai.d tre glir+t feature operating. The comrplets fapalar at
catput from this latt*er cun 13 presented 1n AT periix T




Iv.

A. EFROE FIUNCTIONS

Fer testirng the effects of jlint ard ZC* at varicus ;
Ylirkira freguencies acainst the control svstem oI the )
miscile, a guant*titative measure of the systcem's effec*tlive-
ress was neeled., Tcur error fanctions were Zevelere? Ior J
this  furpose. "he time weljghted lifferencs betwesn  the

.

coamarniced value and the actual valiue o0f a variaile wacs
e

computed according to equation 4.1 This time welchted erzcr

was sumlnel over all cf the tiae intervals and d4ivided bty tho

L
- -~ —~ » - - — - . 4
ZF: = 0T * ABS(COMMAUD - VArIABLZ) (ecr 4.1)
total time to produce the error fuaction for the varialle.
T“he varialbtles Zfor which these functions were computed are ®
TABLE III _
. . 1
Errcr Function Variables B
¥
r VARTAPLZ COMMAND TARIAGL™
y Sk Ak Tt ok ke ke ke hkk ik b
' 1. BAYK BANK 1
2. ROLL EATE EOQLERT
{ 3. MZIMUTH LOS ERATC 0.7 ]
F §. TLEVATION LOS 3ATE 0.9
AR IR A AR IR RSk kA A Ak ko kok Ak ok k ok k¥ k% Q
; :
3 "o
By ‘q
4 listed in Takhle TIII. In the terwinal ,nase whore [Icuor- ]
b . . . . N . . \ - . 3
tional ;widarnce 1is uced in both the azinuth and clevation .‘
! Cchanrelsz, tie coamarded azimuth and elevation ingle rates f
b . . 9
ar= zero to prodéuce a conctant beariny; intercept., 1
p
b 4
‘ 1
[ :
.<
;
}
®
| 4
L .
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B. ECM EEASING

At lcw frecuency tlinkinc rates, ti=2 pkise of th= IC™
rlinker at the start cf the mission hald a veryv larje ellect
on *tlte niss Jdistanca. 7o nminirmize the Iistortion ¢f the iata
dile to *lis eIZIfect, a phase variable was alil2l 1o +vhae v

generatsr to change the nhase c¢I the

€ach run. Four runs were cornducted at each Irejuency using
values o 0.0, PI/2, I, (3/2)FI for the phase variaile. The
data for eacl freguency were averajed to jet vearn values fcr

the miss distance and each error Zunctior.

C. BASELINE TEST RESULTS

1. ECX Fregnency £cars

Tour simulated fliglts were condacted at eacl
fregquercy from 0.0 tc 3) Hz. Glint was disatled rfor the
course of these tests. The attack profile flown was the

taseline poront attack mission. A Jraph of the adean value of
the miss distance (MISLST) versus frequency is preserted irn
figure A.36 The data show that maximun ziss dis*tance occu

r
ir. the very low freguency range of the the orier cof J.2 H:

ard again to a lesser degree in th2 vicinity ¢
Tizires 2.4) 3nd 3.484 are plots ¢ *.2 error Zincticrn aeins
ajainst freqguency Zor the auatopilot commind erzors and the
trackiny errors respectively. ThLese data show that the rank
angle copmard loop 1s susceptitle to ECY frejuercies cf the
orier oI 0.2 Hz whkile the rT0ll rate commari loop 1is
primarily responsible for the errors thrat occur at the
Ligher frequencies in the range of 5 to 10 Hz. Tijur2 A.44
also dermonstrates that +*the time averajed tracxin, erccerc
f>llow tre same rasic vattern.

Figirer A.48 throagh .52 Jecnonstra*s tlLeoe oIfect s

in £light. Tigures A.42 an? 3,91 s.0w the Lt oancle and
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roll rate rerforwance of the faselin: alssile witicuit TC1, &
Foth varlatbtles track closelv to thelir ceoznandel values with »
the exception o0f a sgall, stead; state error irn tlhe rato
chanrel which is most evidert at larqgs comnrarnded ra*e€s.
Tigures 3A.4% and A.50 sLow the effects o ZC¥ 2t J.5% and €.
¥z uron the fank channel. 1In figure A.4% sicrificarnt =rrors
exist in kark as the system carnct keep ap with trte lar:e,

sullen ctanges in cormanded tank causeld Ly thte E=ICH siift of
the target. The bracket in IJigure A.U4S is drawn se*weer two
corresponding points to emphasize the large lag pre

3
the charnel. Roll rate *tracks «close to its cormanded level

at this frecuency.
At 6.2 Hz, figures a.52 and A.S52 siow the crypcsite

€ffect. 1In fiqure A.E53 the bracket emphasizes the large laj

that wexists in the aircrartt roll respons2 to the rarpil i
changes 1in rate <conrand. The bank command 1locp at +*iis

frequency has effectively filtered ount wmost of th2 hijzh )

frequency irput. ]

3

The results cf the fregquency scan tests showel that g

R

the raseline BTT cruise missile simulated Lty the prograr was
more susceptible tc ECM fregjuencies in the wicinity o€ (.2

and f.0 Zz due to tlre excita*ion 2f tne rank and rell rate

Br. PO

cnmmard loops respectively., If distances greater tlan 77 £+
from the center of tre target are consid=sred likelv mpiscss,

ther the excitation of the roll rate conmarnd loop 1id oot

rroduce enough error to cause a likely miss. ThLe @ test

results, from the target's point of view, will le ochtaires

with low biirking frequencies in the vicinity of 2.7 ¥z,

. ELffects cof Glint

In crder to 1isolate the effects of glint, the ‘ltaseline
. cornfiguratior was flown without ECY or glint ard ajain with
. 4lint only. Tigure A.33 shows a trace of the ranioz :lint
! 4
, ¢ !
]
F 27 i
; )
) - -
; 1
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iisplac=gent arriiel tc the tarjet's position as a fanctiorn
cI time, Figures 2,23 throush 4A.23, which trace the
rissile's lcad facter, Ltank angle, roil rate and fli;ht
centrcls without glint, mayv te conparel witr Zicures 1.5s
tLrough A.%7 which sicw the sans traces £o7 the mission Wit

glin*.
The miss distance recorded without Jlint arnd arn ICY

rtase of 0 was 2.7 feet. Thre distance measurel wit: qglint

was 9.4 feet. Although these distances are very <saail
compared with the miss distances achieved with =TCv, the
dejgradaticn irduced by glirnt was large (154 percert)
compared to the best cttainable wvalue. days OL Dinimizing

tte effect of rardonm perturbations 1in the target position
due to radar glin* will make a significant imprcvement ir

3.

»at
T

the missile's accuracy in the abssnce of ECY arnd shoul

develcped.

D

Since the miss distances withouat ECY and 3lint wer
very =<=small compared to those obtained with very slow
tlinkirjy fregquencies {0.0% to 7.2 Hz), <further tests stoulid
te run concentrating on ECM in the very low freguency rarje.

These tests should obtair a much larger sample of ECM rlases

-~ .
ow .2 Fz

r order tc lLest define the shtape of the aiss 1istarce curve
o)

D. ALTZENATE CONFIGUEATION FREQUENCY SCAN RESULTS

Sirilar frequency scan profiles were flown nsing thae
JI32% 1 (Apperdix E) subroutine to gJererate the g1ilance
cormands for configurations II,III and 1IV. These attack
profiles committedl the offset turn ani proceeled straijat
towsrd “he tar;et sl g proportiosnal cavijation it oazizortt

Ivon start to  finisi. Tae popup 2an2iver  was ConLencel 1+

H

19356 feet from the tarjer., 0f ranjes from 20,000 t5 5,000

r
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neuver was perfcrmei.

Ar algorithm was added to the ftaseline Lro
guidance scheme for the terminal ghase which ensured
the missile rolled to place the nearest oI the po
negative 7-axis vectcrs on the direction commande
guidance system. This ersured that the pissile wouldl cc
negative load factor rather thanm tryinjg to rell the missil
ursice Jdcwrn as it reached the apex oI its clicb. Aziriathal
acceleratiocns comzanded by the gJguidance were still achizve
bty tanking the missile except for confijuration V.

A complete set of mission profile graphs for configz-
uraticns II, IIZ, anc¢ IV 2gainst a target with glint and ICH
Elinkirg at 0.2 Hz are presented in figures 1A.5° g
A.7S

3]
.
[inal

Leguency Scan Eesults

a. Miss Distances

Each configuratior was f£lown against the tarjet

four times per test frequency. The tests coverel a rangc of
! Liinker frecuencies from 2.0% through 32.0 Hz. The nean miss
distances recorded are graphically presented as a fanctio
of frejuency in figures A.37 throujh A.3% The resilts

®
F obtained were very similar to those obtained from thLe laise-

P

line confiquration. There were *wo areas of hijher *lanm

rormal eirors, one at low fregyuency below 0.2 Hz and anctier )

-y

at a higher frejuency rear 6.0 Hz. Table I7 <comparss the

;. miss distances for each of the configurations. 1
-’ The paximum values that occurred for all cornfig- :
! uratiors appeared at the same fre,uencies with oOone !
[
o
29 -i
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TABLE IY

Maximum Miss Distances

______________ R e Rl
CCNTISIFATICN , TRIC. BAUGE | LOCATZICH | MASNITTZE
SRR RRPY £ NNURN NUS G NN S
_u_,-_________-______________I______m_____T ___________

TASELINZ J.20 = 2.0 < ).20 > 42 !
6.39 | 22 !
|
11 c.05 - 21.¢ < 0.85 | > 75
6.20 | 17
t
11T 0.10 = 32.9 < 9.10 > 7% |
5.5¢ f 17 1
IV 2.170 - 30.0 < J.10 | > 7% |
N/2A | v/A |
______________ ———reeoo oV
exc=artior: changiny the roll rate j3ir from T.Z o D00

eliminated tre maxiaur at the hicgner frecuency. Irn 1diiticr,
Le magritude of the errors did not diffe
{The Fraselire shows a sgaller magnitule fecause the data 1o
not extend kelow 0.2 Bz.while the other —onfiguraticns were
tested lown to 2.1 and 0.95 Hz). Changing the attack gjecz-
etrv cf the missile did rot significantly alter its sascup-
tibility tc ECY jamning within the scope 0of these tests.
Altering the gain ¢Zf the roll rate command channel in the
zis< . le autopilot sijnifican*ly decreased itz su Bilie
to IC¥ tlinking at higher frecuencies. Tiucth

should be conducted to determine the extent *o

pilot modifications and gain adjistments can 1le
effectiveness o0f an ECM blinker agjainst a bank t

missile.
1. Autopilot Errors

Ticures A.U0 through A.43 graprically present
tte err~r Iunc*iong Ior "oth thte bark anjle arl -cil rat-
mmand loops withir the autoprlot. These fiurctions  are

representative of the akility of the missil: tn £o0llow the

30
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ccraanis giver it kv the autopilot

t.e fcorer tLe perforrwarnce).

tion these figures CcemoLstrate th

a
cortrituted aost to trhe errors at low
i

rite locp contrikbuted most at the il

TABLE ¥

Autopilot Errors

CNFIGURATION rnEQ .| MAGNI-

3ASZLINC ) 0.22
II 0.6 0.17
III 2.5 0.18
Iy 0.6 .21

is a summarv of these graphks.
agnitade of the bank error function anld the
Ire juencr at which 1t occurred were not sigrificartly

altered in anvy one of the tested configurations. Changing
i Y J

the geometry of the attack had no effect on thre

B s P T alm e AN .

frecguency at

whichk EC? was nmost e€ffective ajainst the roll rate cortrol

e

svstem, however the ragnitude of the errors were increiseld

J

J

bv arproximately S50 percent wher the [oOpup maneuver was )

eiimirated (configuration III). !
Decreasirqg the roll rate autopilot jain fromr 2.°

*o 0.1 (confijuration IV) moved

tte roll

the resonant freguencv for
1 .

rate command system t5 1 lower frecuercy Lut

e - oL L.
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ircreasel ne pagnltude of the errors Ety amore tian 1707

percert. This effect 1s reflectsd in th2 miss J3distancs

graphLs (figures 11.3f *hrough 1.23¢ 1n tne Zdisaprearance ol

the distinct oraximup at ¢ HZ ard a wilenir: of +the lower

gaxiren  (Elzure 2L23Y). Altering the autolilot ga:in  was
A

c. Tracking System Errors

Errors in the tracking loops are charted 1i:z
fignres A.4L through A.47. These errors fcllow thte trenls
of trhe autopilot ard miss distance errors. At the loweT
‘requencies, azinmath »nerformance was dominant while at

i3k fregnencies the elevatior *racking loor experierce
e

r"’

lar; st degrailaticn.
3. SkXii To Turn Cuidance Pesults

The MISSN1 sukrouatine was further modified to allow
the lateral load factor command variable, ¥V, to ke set
according to guidance commands rather than belrg kert at
zero for turn coordination purposes. The conmaanle? rLan
angle was set *o zero ir the terminal ©phase ir crier to
c€xa@nine the effe-tiveress of lateral 5 commarni. Nc cham es
to the ltasic dvramics of the autopilot were rale. e
nissile was <flown in this confijuration against a fpassive
targe*. TFigures A.76 through A.81 present the full data set

from this test. The nissile splashed into the water 99 Zcet

¢ft anl shert of the tarcet. Cnce the missile came within S

secornds c¢i impact, crcss coupling hetweern the rudder channel

o

ard norral load factor, roll rate ard bank can be seen ir
® tte Zigqures. Althouyh the rudder commanis were never 3itu-
rated, neither could +the lateral 1leo3d Zactor control L:ior

I~

create crnouql sideforce to follow the ship's lateral drifs

v vy Y

to the right. The addition of ZCM and/or gjlirt would have
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cr.ly worsered the perforrance of *the pilssile in tris coriij-
uraticn. Yo further tests o0of this confijuration wers
cenlucte?. The use of skid-to-turn control laws ccall oro*
produce sufficient sideiorce to ailegquately IZo0llow a rassive
crossirg *arget anrl ggroducel evcessive coupling intc otk

longituliiral and lateral flight controls of the nissile.

4, Eallistic Traijectorv

3

Bec..ase the rajority of the aprarent tarcge* shift

with ECY tlinking occurs in tle horizontal pl

[
1)
{d
-
(oY)
3
()
o] ct
t
D
3
T3
+

wvas made to place the missile on a ballistic trajecto a
ther roll +the aircraft +*to 90 degrees angyle of bank until
impact wusing the primary 1load factar to follow the EC
target and 1lateral lcad £factor to amairtairn the =:a
trajectory. In corder to fly +the ballistic trajectoery, tf
altitude hold system was driven by a comnanded altitade
slaved to a pararolic trajectory 1derived from the missile's
vertical speel and rarge to the target according to eguatiorn

ALT = HMDCT*RANGE/VE + (G/2)*(EANGEI/VI)2 + 10 (egrn 4.2)

u.,2. where #2MD0CT,VE and VT are the vertical, herizental
ard tctal speeds of the missile. The cortrolling sukrouatine
used for this mission was MISS5N2 arnd is preserted in
Arpendix F.

Tigures A.82 through 3.R5 show that the adlitiocn of
the dynirics of the altitude ccmmaad loop dade the missile's
control system unstable. fscillatiorns to the limits
cccnrrel in nernal loaid factor ani in rnll rate.
Ccnsiderable cross coupling occurred between *he lateral-
directioral anl longitudinal dynaaics of the missile. The
attempt to £f£lv a ballistic trajectorv usine the existing
altitude control systen was unsuccessfal. In order to £lv
tie attemptel profile, 4 majcr relesign of tle missile'c

attorilect woull te necessary.
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V. CONCITJSIONS

+

“Fe conclusinns listel telow were derivel ZTom o analvioi
cf tre result: oI slaulatel flijhts condictel toinay o

tugellre porou- ittack profile c¢oniisuration, thrIwe varlz-
tions of the Daseline attack, a skid-to-turn contrcl confi;-

uraticn and a ballistic altitude trajectorv.

A. PASZLINE CONFIGUERATION TESTIS

At lcw ‘reguency blinking rates, the prhase of +the IC™
tiirter had a very large effect on the miss 1listance.
"€ ftest oz*talnaile performarce £or the biceline nisgsicr

r
withoot ECY or glint was a miss dis*tance of 2.7 fezt. Tho
aldition of GLINT prcducel a miss distance of 3.7 zfeet, a
degradation of 154 percent.

The Lank angle ccrmani loop of the micssile autrrpilot in
Le taseline corfiguration was especialiy susceptible tc IC™
freguencies of the «crder of ).2 Hz while the roll rate
comnard loof was prirarily affected at the higher freauen-
cies in the range of £ to 10 Ez. The tirme averajed *racxir;
errhos also followed the same tasic patrt=rCn
1Z listances jreater than 20 £t Iror the centor ci the

t

tar;e* 4re cornsidered likely sisses, L the excitaticn oX

e 4

the rcll rate command loop did not produce enough errcr to
cause a likely 12iss. The best resuits, from tte tarcjet's
point c¢Z view, will lte obtained wita low blinking frequen-

cies in tle vicinity cf 0.2 Hz.

B. AITEFNATE ATTACK EFOFILE CCNFIGOURATIONS

r terms oI tte Averige aiss  .stunce:s  neas:ooed,

-

Changing the flijht yeometry of the misoi.e Ji1l ot cigniti-

34
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can*lv alter lts suscaptibility to  ICM “Famnliny within <he
scope ¢ these tests,
Altering the 7airn ol the rColl Zate comnarni channel in
t.e Laselirne nissile autopilot sijrnilicantly lecreazsi 1tz
si1scerptirility o FCY blinkirng at higher Ireguenciers.
Chanciny the georsetrv of the attack rad ro =2ifect orn the
magritule of the barx error function arni the frecucsncy at*

which its maximum occurrel.

Charngying the roll rate gain £fron 2.5 <o 2.1 kail no
roticeable affect on the magrnitude 2f the tank errcr firnc-
tion and the frejuency at which its maximup oczcurrel.

Changin: the georetry of the attack had no eiifect on *he
frecsuency at which ECM was rost effective agjainst the rcl!
rate ccntrol system, however the pmagnitude of ¢
were increased by apfroximately 50 percent when the [ofup
zaneuver was eliminated (configuration IIIV.

Decreasin; the rcll rate autopilot gain from 02.% tc J.°
{configrration IV) moved the resorant frejuency £for the rcll
rate ccamani svstem tc a lower frequency but increase? the
rajr.itule of the werrors by nmore than 100 percent. This
effect was reflectel in the miss distance data by the diszap-

reararce cof the distinct maximpum 3t 6 HZ and a wildeninjy of

H
3
wa
(@)

the lcwer maxinmur. Altering the autopilot gairn was efiective
at tovirnqg th2> ~resorant fregquency to a different regiorn rkuat
conld not elimirate i*s effect arnd, in this case enlarsed
it.

_rrors ir the azimuth and elevatiorn tracking lcors
cliosely fcllowel the trends of the ai1torilot ari muss
distance errors. At the lower Irejuencies, arimu*h r=2réf>ra-

ar donirnant #hile at higher frejuencies tlhe elevation

c¥iry loop experierncel the largest degrada*inn.
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C. SKID TC TURN CONTEOL

T

kid-te-turn centrol laws coull not rredace j

od excessive couprling 1nin the longi*i1lipa
c

rtrols 5% tie missile.

R

D. BALLISTIC ATTACK EROFILE

S -
N The attempt to flv a tallistic trajectory usinj the :
r existing altitude control system was unsuccessZul. In crier j
‘e to fly the attempted profile, a n@pajor redesign cZ the

missile's antopilot wculd be rnecessary.
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VI. RECOMAENDATICHS

ways of minimizing the elfect Orf ranlom rerturrations irn ]

e tarjet position due to radar Jlirt wil
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cant improvement in the zissile's accuracy in the afbserncs o

ECY and should be developeld.
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Further testing shoulil e con
extert *o which autopilo* modifications ard 3jain al:
can Zecrease the effectivencss of an

tank to turn nissile. ]

GRS oot o S0 S 0 B4~ 4

Since tte eliminatior of a fopup increased roll rat= 1

errors Ly 50 percent, a popup rrofile is recomrendel fcr the

A

w
—4

Pq terminal phase of a BTT cruise aissile. rarther testin:
should te conducted to deteraire the elfects of 3iffcrent

fopup rrofiles on the susceptibhility of the roll rfat-

L command system to ECH blirkirng.
. v - . . “ k
[‘ Since the miss 4distances without :C4 and clint wer- [}
very small compared to> those with wverv slow rClingirn: 4
frecuencies (0.05 to 0.2 Hz), £farther tests <chould ke rCuan .
]
concerntratirg on ECY in the very low frejuencvy range. “lese ]
[‘ tests shculd ob*ain a much larger saaple of ¥ phases in ’
crler to test define the shape of the miss distance curve 1
Lelow 0.2 Hz.
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